Introduction
Caffeine is a xanthine alkaloid that is widely present in coffee, tea, soft drink beverages, food and some analgesic drugs, making it one of the most frequently ingested psychoactive substances worldwide (Brent et al. 2011) . Studies have reported that approximately 80% of all women consume caffeinated beverages for long periods, and caffeine consumption during pregnancy is quite common (Kuczkowski 2003) . For example, the average daily caffeine consumption was reported as approximately 110 mg/day in women of reproductive age in the United States. Both clinical investigations and animal experiments have demonstrated that prenatal caffeine exposure (PCE) has the potential to induce reproductive and embryonic toxicities, including intrauterine growth retardation (IUGR) (Momoi et al. 2008 , Greenwood et al. 2010 . Research has also shown that children who ingest food or beverages containing caffeine are strongly susceptible to obesity (James et al. 2004) . Our previous studies have demonstrated that PCE can lead to fetal overexposure to maternal glucocorticoids and hypothalamic-pituitaryadrenal (HPA) axis-associated neuroendocrine metabolic programming alterations, resulting in the increased susceptibility of adult offspring to metabolic syndrome and nonalcoholic fatty liver disease (NAFLD) (Xu et al. 2012a . Meanwhile, we recently reported that PCE induces hyperinsulinemia, insulin resistance and high susceptibility to metabolic syndrome in 10-monthold offspring, and its underlying mechanisms might be related to neuroendocrine metabolic programming alteration disorder (Pei et al. 2017) .
Studies have suggested that insulin-like growth factor 1 (IGF1) signaling plays an important role in neuroendocrine regulation (Puche & Castilla-Cortázar 2012) . IGF1 activates multiple downstream signaling pathways via phosphorylating the IGF1 receptor (IGF1R) and modulating proliferation, differentiation and metabolism in a variety of tissues and cells. Studies have also shown that IGF1 is the major mediator of prenatal and postnatal growth (Kamei et al. 2011) . Previous studies have reported that glucocorticoids play vital roles in the regulation of fetal growth, development and maturation and are also important factors in metabolic syndrome in adulthood (Anagnostis et al. 2009 ). High levels of glucocorticoids inhibit the expression of IGF1 in various tissues and cells (Inder et al. 2010) . Studies have indicated that caffeine can elevate the levels of glucocorticoids in both humans and animals (Pettenuzzo et al. 2008 , Gavrieli et al. 2011 . Our previous study showed that PCE induced maternal corticosterone overexposure to the fetus by downregulating placental 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) (Xu et al. 2012b) , accompanied by inhibition of the hepatic IGF1 signaling pathway (Xu et al. 2012a . Studies have shown that chronic stress can elevate the levels of stress hormones, such as glucocorticoids, which induce and aggravate the risk of metabolic diseases in adult (Bergmann et al. 2014) . Our previous study found that PCE could increase the susceptibility of offspring to metabolic syndrome under high-fat diet and chronic stress conditions (Pei et al. 2017) . Thus, intrauterine programming of the glucocorticoid-insulin-like growth factor 1 (GC-IGF1) axis induced by PCE may mediate liver developmental toxicology in offspring.
However, whether PCE-induced liver developmental dysfunction continues after birth, whether PCE possesses intrauterine programming alteration properties and the underlying molecular mechanisms are not yet known. IGF1R is a transmembrane receptor tyrosine kinase that mediates the biological functions of IGF1 (Riedemann & Macaulay 2006) . Studies have suggested that mutation of the IGF1R gene could lead to severe IGF1 resistance and contribute to IUGR (Abuzzahab et al. 2003) . The effects of glucocorticoids on glucocorticoid receptors (GRs) are dependent on the circulating levels of glucocorticoids (namely, cortisol in humans and corticosterone in rodents), and glucocorticoids participate in the proliferation, differentiation and metabolism of cells via the interaction of activated GR with a variety of transcriptional factors (Kadmiel & Cidlowski 2013 , Ratman et al. 2013 . CCAAT enhancer binding protein α (C/EBPα) is a key member of the C/EBPs family that regulates downstream gene expression in collaboration with GR (Chapman et al. 2013) . Meanwhile, C/EBPα also acts as an inhibitory transcriptional factor of the IGF1R gene (Zeng et al. 2010) . These previous studies suggested that GR/C/EBPα/IGF1R signaling might mediate the intrauterine programming alterations of the GC-IGF1 axis induced by PCE.
Here, based on an established rat model of fetal overexposure to maternal glucocorticoids induced by PCE, we investigated the effects of PCE on liver development in utero and postnatal catch-up growth. We further explored its intrauterine programming mechanism by observing the metabolic phenotypes, expression of liver development-related genes and expression of liver GC-IGF1 axis-related genes before and after birth, as well as in adulthood with chronic stress. This study contributes to a better understanding of the molecular mechanisms of liver developmental dysfunction induced Specific pathogen-free Wistar rats (with weights of 200-240 g for females and 260-300 g for males) were obtained from the Experimental Center of the Hubei Medical Scientific Academy (Wuhan, China) All rats were acclimated 1 week before experimentation, and two female rats were placed together with one male rat overnight in a cage for mating. The appearance of sperm in vaginal smears confirmed mating, and the day of mating was considered gestational day (GD) 0. Details of animal feeding, mating and caffeine administration (30, 60 and 120 mg/kg × day) were performed as previously reported (Xu et al. 2012b) . The animal experiment schedule was shown in Fig. 1 . On GD 20, the pregnant rats were anesthetized with isoflurane and killed. Twelve pregnant rats were assigned to each group, and the litter size of each pregnant rat ranged from eight to fourteen at birth. IUGR was diagnosed when the body weight of an animal was two standard deviations less than the mean body weight of the control group (Eleftheriades et al. 2006) . The fetal rats from each litter were decapitated to collect blood immediately, and the prepared serum samples from each litter were pooled together and immediately frozen, followed by storage at −80°C for subsequent analyses. Fetal liver from each litter was separated and collected immediately. Fetal livers were randomly selected (one per litter) and fixed in 4% paraformaldehyde for histological examinations. The remaining fetal liver of the littermates was pooled for RT-qPCR assay.
The remainder of the pregnant rats received 120 mg/kg × day caffeine (n = 8 for each group) were maintained until normal delivery. On postnatal day (PD) 1, the numbers of pups were normalized to eight per litter to assure adequate and standardized nutrition (ManuelApolinar et al. 2010) . After weaning at postnatal week (PW) 4, three male and three female pups per litter were randomly assigned to either the control group or the PCE group. From PW10, one male and one female were subjected to chronic stress as previously reported
Figure 1
Schematic illustration of animal treatment. From gestational day (GD) 9-20, pregnant Wistar rats were administrated intragastrically with caffeine (30, 60 and 120 mg/kg × day). At postnatal week (PW) 10, one rat was randomly selected from each litter for exposure to chronic stress for 2 weeks. The animals were killed at GD20, PW6 or PW12. (Xu et al. 2012a) . The rats were made to swim five min per day in ice water (5-7°C). The weights of offspring were recorded from PW1 to PW12, and the body weight gain rates were calculated. At PW6 and PW12, the offspring rats were killed under isoflurane anesthesia and decapitated to collect blood samples. The liver tissues were separated, and a section of each of five randomly selected livers from each group was fixed in a 4% paraformaldehyde solution for histological examination. The remaining liver tissues were immediately frozen in liquid nitrogen, followed by storage at −80°C for subsequent analyses.
Blood sample analysis
The concentrations of serum corticosterone and IGF1 were measured using ELISA kits following the manufacturer's protocols. The intra-assay and inter-assay coefficients of variation for corticosterone and IGF1 were 5.0 and 7.2%, 5.6 and 9.1%, respectively.
Histological, immunohistochemistry and ultrastructural analyses
For histological analysis, liver tissues were fixed in 4% paraformaldehyde solution overnight and stained with hematoxylin and eosin (HE) using standard procedures in graded alcohols and xylene. The sections were observed and photographed with an Olympus AH-2 light microscope (Olympus).
For immunohistochemistry assay, liver tissues were used to measure the ki67 protein expression level according to the manufacturer's instructions. Paraffinembedded tissues were cut into 5-μm-thick serial sections and stained with rabbit anti-Ki67 monoclonal antibody (1:200 dilutions). Five random fields from each section were examined. The signal was visualized using light microscopy, imaged, and the number of Ki67-stained nuclei from each image was analyzed by Photo Imaging System (Nikon H550S, Japan).
For transmission electron microscopy examination, 1 mm 3 tissue blocks of fetal liver samples were placed in a 2.5% glutaraldehyde solution for 10 min. The samples were subsequently postfixed in 1% osmium tetroxide/1.5% potassium ferrocyanide solution for 2 h, washed with 0.1 M PBS, dehydrated in gradient concentrations of ethanol and embedded in Epon 618. Epoxy blocks were sliced on an ultramicrotome (70 nm, LKB-V; LKB, Stockholm, Sweden), stained with uranyl acetate and lead citrate and examined using a Hitachi H600 transmission electron microscope (Hitachi).
Cell culture and treatments
The human embryo liver L02 cell line was obtained from the China Center for Type Culture Collection. L02 cells were plated at a density of 2 × 10 5 cells per well in six-well plates in medium (DMEM/F12 medium with 5% fetal bovine serum, 100 mg/mL streptomycin and 100 U/mL penicillin). The cells were treated with various concentrations of caffeine (0, 1, 10 and 100 μM) or corticosterone (0, 250, 500 and 1000 nM) for 24 h and then harvested to assess gene and protein' expression. To confirm the effects of GR and C/EBPα, L02 cells were incubated with corticosterone (1000 nM) in the absence or presence of GR and C/BEPα siRNA for 48 h and harvested for the genes' expression analysis. The mRNA expression of GR, C/BEPα and IGF1R in the cells was detected by RT-qPCR, using the primers listed in Supplementary Table 1 (see section on supplementary data given at the end of this article).
Total RNA extraction and RT-qPCR analysis
For RT-qPCR analysis, total RNA was isolated from liver fissures and L02 cells using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. Detailed protocols for total RNA extraction and RT have been described by Tan et al. (2012) . Relative standard curves were constructed for the following target genes: Gr, C/ebpα, Igf1, Igf1r, protein kinase B (Akt2), proliferating cell nuclear antigen (Pcna), cysteine-containing aspartatespecific protease-3 (Casp-3), hepatocyte nuclear factor 4α (Hnf4α), albumin (Alb) and alpha-fetoprotein (Afp), as well as the housekeeping gene Gapdh. RT-qPCR was performed using the ABI Step OnePlus™ Real-Time PCR System (Applied Biosystems) in a 10-μL reaction mixture. All subsequent 40 cycles were performed as follows: predenaturation, 95°C for 30 s and denaturation, 95°C for 5 s; the annealing conditions for each gene are listed in Supplementary Table 2 .
Western blot
Western blot was performed as we have previously described (Wen et al. 2014) . Briefly, the cells were washed with ice-cold PBS and lysed for 30 min at 4°C using RIPA buffer (25 mM HEPES pH 7.5, 50 mM NaCl, 1% NP40, 2.5 mM EDTA, 10% glycerol, 1% Triton X-100) containing protease inhibitors (2 mM NaF, 2 mM sodium orthovanadate, 2 mM sodium pyrophosphate, and 1 mM protein inhibitor), and then centrifuged at 14,000 g for 10 min at 4°C. After collection of the supernatants, the proteins were quantified by using a BCA Protein Assay Kit. Cell lysates (40 µg) were loaded onto a 10% SDS-PAGE gel for electrophoresis, and the proteins were then blotted onto a 0.45-µm PVDF membrane (EMD Millipore), which was blocked with 5% skimmed milk powder-TBST buffer and incubated with primary antibodies for 1 h at room temperature and then overnight at 4°C. The following primary antibodies were used: anti-rabbit GR antibody (1:1000), anti-goat C/EBPA antibody (1:1000), anti-rabbit GAPDH (1:5000) and anti-rabbit Lamin A/C (1:2000). The membranes were washed three times with TBST buffer and then incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (dilution, 1:2000; Beijing Zhongshan Golden Bridge Biotechnology, Beijing, China) for 1.5 h at 37°C. The signal was detected using ECL reagents. The results were quantified using Quantity One 1-Analysis software (Bio-Rad Laboratories).
Chromatin-immunoprecipitation (ChIP)-PCR
ChIP-PCR was performed as described previously (Tan et al. 2012) . Briefly, L02 cells were cross-linked with 1% formaldehyde for 10 min at room temperature. Then, the reaction was stopped by adding glycine to a final concentration 125 mM for 5 min. After washing twice in ice-cold PBS, the cells were scraped and centrifuged at 3000 g for 5 min. After centrifugation, the sediments were resuspended in 500 µL of MNase digestion buffer and digested by micrococcal nuclease at 37°C for 30 min. The reaction was stopped by the addition of EDTA at a final concentration of 0.5 M. The samples were centrifuged at 12,000 g for 10 min and the supernatants were collected; 5 µL was taken as an input sample. For reverse crosslinking, 5 µL of supernatant was added to 100 µL of TE buffer and 1 µL of proteinase K and incubated at 55°C for 2 h. The supernatant containing solubilized chromatin was incubated overnight at 4°C on a nutator/rocker with anti-C/EBPA antibody (preventing non-specific binding, which forms covalent bonds with Protein G beads). The immunoprecipitated DNA-protein complexes were washed using low-salt wash buffer, high-salt wash buffer, LiCl wash buffer and Tris-EDTA wash buffer solutions. The complexes were eluted in 500 μL of freshly prepared elution buffer (1% SDS, 0.1 M NaHCO 3 ). The elution step was repeated twice. The samples were then incubated overnight at 65°C, followed by DNA purification using a Qiagen PCR purification kit. The isolated DNA was quantified by RT-qPCR using the primers listed in Supplementary Table 3 .
Statistical analysis
SPSS 18 (SPSS Science) was used for data analysis. All data presented are expressed as mean ± s.e.m. The weights of offspring rats after birth were analyzed by repeated measures of ANOVA (Luo et al. 2014) . For fetus weights, the mean weight of each litter was used for statistical analysis. The IUGR rate for each litter was determined by arcsine square root transformation before t-test evaluations (Engelbregt et al. 2001 , Tan et al. 2012 ). Student's two-tailed t-test was used to compare the mean values of various groups as applicable. Paired t-tests were used to compare the means of the groups without and with chronic stress. Statistical significance was designated at P < 0.05.
Results

Effects of PCE on the fetal body weight, IUGR rate and liver morphology of fetal rats
Fetal body weight has been used as an important indicator for IUGR diagnosis (Lee et al. 2009 ). As shown in Fig. 2 , compared with the respective control groups, male and female fetal rats from the 60 and 120 mg/kg × day PCE groups exhibited decreased body weights and increased IUGR rates (P < 0.01, Fig. 2A and B) . Moreover, reduced hepatic parenchymal cells were observed in the fetal livers of both 120 mg/kg × day PCE groups (Fig. 2C ). An immunohistochemical analysis showed that the numbers of Ki67-stained nuclei were reduced in the fetal liver tissues of both 120 mg/kg × day PCE groups (P < 0.01, Fig. 2D and E). Ultrastructural observations revealed nucleolus disappearance, chromatin margination and cell shrinkage in both 120 mg/kg × day PCE groups (Fig. 2F) . These results indicated that PCE induced IUGR and abnormal liver structures in the fetuses. The pathological changes were similar in male and female fetuses.
Effects of PCE on the mRNA expression of fetal liver development-and GC-IGF1 axis-related genes
As shown in Fig. 3 , compared with the respective control groups, the higher serum corticosterone concentrations were observed in the PCE groups, particularly three of the PCE groups (30, 60 and 120 mg/kg × day) of male fetal rats and one of the PCE groups (30 mg/kg × day) of female fetal rats (P < 0.05, P < 0.01, Fig. 3A ). In addition, the serum IGF1 concentrations in both 120 mg/kg × day PCE groups were lower than those in the control groups (P < 0.05, Fig. 3B ).
The liver development-related genes were divided into two categories: development-promoting genes (Pcna, Hnf4α, Alb) and development-suppressing genes (Casp-3, Afp) (DeBenedictis et al. 2016) . Compared with the respective control groups, both PCE groups exhibited dosedependent decreased hepatic Pcna expression (P < 0.05, P < 0.01, Fig. 3C ). The expression levels of Hnf4α and Alb were significantly increased in both 30 mg/kg × day PCE groups, while the male 120 mg/kg × day PCE group exhibited decreased Hnf4α and Alb expression (P < 0.05, P < 0.01, Fig. 3D and E). The mRNA expression of Casp-3 was noticeably increased in the male PCE groups in a dose-dependent manner (P < 0.05, P < 0.01, Fig. 3F ), while the female 30 mg/kg × day PCE exhibited reduced Casp-3 expression (P < 0.05, Fig. 3F ). The mRNA expression of Afp was increased in the male 120 mg/kg × day PCE group and three PCE groups of females (P < 0.05, P < 0.01, Fig. 3G ). These results suggested that PCE inhibited the expression of genes promoting development and enhanced the expression of genes suppressing development, and no significant differences were observed between genders.
To investigate the mechanisms of PCE-induced changes in liver structure and functional fetal liver development, fetal liver GC-IGF1 axis-related gene expression was measured. Compared with the respective control groups, the mRNA expression of Gr in the PCE groups was increased, especially in the male fetal rat 120 mg/kg × day PCE group and the female 30 mg/kg × day PCE group (P < 0.05, Fig. 3H ). The mRNA expression of C/ebpα in the PCE groups was significantly increased compared with that in the control groups, especially in male fetal rats from three PCE groups and female fetal rats from the 120 mg/kg × day PCE group (P < 0.01, Fig. 3I ). The mRNA expression levels of Igf1 and Igf1r in both PCE groups were lower than those in the control groups (P < 0.05, P < 0.01, Fig. 3J and K) . The mRNA expression of Akt2 was decreased in male fetuses in three PCE groups and female fetuses in the 120 mg/kg × day PCE . n = 12 pregnant rats. n = 5 sections of each group were selected for H&E; n = 5 sections of each group were selected, and five random fields of each section were scored with respect to Ki67 expression. Scale bar = 100 μm. Mean ± s.e.m., **P < 0.01 vs the control. A full colour version of this figure is available at https://doi.org/10.1530/JOE-19-0066. group (P < 0.05, Fig. 3L ). These results suggested that PCE increased the serum corticosterone concentration and upregulated GR and C/EBPα expression but reduced the serum IGF1 concentration and downregulated the IGF1 signaling pathway in fetal rats.
Effects of PCE on the body weight, body weight gain rate and liver histology of offspring
To further verify the effect of 120 mg/kg × day PCE on the growth and development of offspring after birth, we investigated the alterations in liver morphology, serum corticosterone and IGF1 levels and expression of liver development-and GC-IGF1 axis-related genes. Firstly, we examined the body weight from PW1 to PW12 and calculated the body weight gain rates in offspring. As shown in Fig. 4 , compared with their own control groups, the body weights of male offspring in the PCE group were lower than those in the control group from PW1 to PW6 (P < 0.01, Fig. 4A ), but the corresponding body weight gain rates showed a significant increase, especially from PW4 to PW12 (P < 0.05, P < 0.01, Fig. 4B ). In addition, the female offspring rats in the PCE group showed significantly decreased body weights compared with those in the control group from PW1 to PW8 (P < 0.05, P < 0.01, Fig. 4C ) and increased body weight gain rates from PW2 to PW12 (P < 0.05, P < 0.01, Fig. 4D ). Liver histological analysis by HE staining showed that hepatocytes of both groups exhibited no obvious pathological changes relative to their control groups (Fig. 4E) . Immunohistochemical analysis showed that the Ki67 protein expression levels in the livers of both PCE groups were significantly higher than those in control group rat livers (P < 0.05, P < 0.01, Fig. 4F and G) . These results indicated that PCE-induced 'catch-up growth' in the IUGR offspring after birth; moreover, the liver structure tended to be normal, and proliferation-related protein expression increased at PW6.
Effects of PCE on the mRNA expression of liver development-and GC-IGF1 axis-related genes in offspring
As shown in Fig. 5 , the serum corticosterone level of the male PCE group was decreased to 79.6% of the control (P < 0.01, Fig. 5A ), whereas there was decreased to 92.3% of the control in the female PCE group (P > 0.05). The serum IGF1 level of the male PCE group was approximately 31.8% higher than that of the control group
Figure 3
Effects of prenatal caffeine exposure (PCE) on serum corticosterone (CORT) content and mRNA expression levels of hepatic development-and glucocorticoid-insulin-like growth factor 1 (GC-IGF1) axis-related genes in fetal rats on gestational day 20. (A and B) ELISA of serum CORT and IGF1 concentration. (C, D and E) mRNA expression of liver development-promoting genes, including proliferating cell nuclear antigen (Pcna), hepatocyte nuclear factor 4α (Hnf4α) and albumin (Alb). (F and G) mRNA expression of liver development-suppressing genes, including cysteine-containing aspartatespecific protease-3 (Casp-3) and alpha-fetoprotein (Afp). (H, I, J, K and L) mRNA expression of liver GC-IGF1 axis-related genes, including glucocorticoid receptor (Gr), CCAAT enhancer-binding protein α (C/ebpα), Igf1, insulin-like growth factor 1 receptor (Igf1r) and protein kinase B beta (Akt2). n = 12 pooled samples from 12 different litters, Mean ± s.e.m., *P < 0.05, **P < 0.01 vs. the control.
(P < 0.05, Fig. 5B ), and the female PCE group exhibited a 5.1% increase in the serum IGF1 level (P > 0.05). Additionally, to understand the mechanism underlying 'catch-up growth' mediated by PCE, we examined the expression of liver development-related genes. Compared with those in control group offspring, the mRNA expression levels of development-promoting genes (Pcna, Hnf4α and Alb) were significantly enhanced in both PCE groups (P < 0.05, P < 0.01, Fig. 5C, D and E) . However, the expression levels of development-suppressing genes (Casp-3, Afp) only in the male PCE group were lower than those in the control groups (P < 0.01, Fig. 5F and G) . These results demonstrated that PCE could enhance the liver function in PW6 offspring (increased expression of genes that promote liver development and decreased expression of genes that suppress liver development), while these changes were more obvious in male offspring.
To explore the potential mechanisms of liver function enhancement after birth in the PCE group, the mRNA expression levels of liver GC-IGF1 axis-related genes were measured. The mRNA expression of liver Gr in the male PCE group was lower than that in the control group (P < 0.01, Fig. 5H ), while a decreasing trend in liver Gr mRNA level was observed in the female PCE group. The expression of C/ebpα showed a significantly decreased in the female PCE group (P < 0.05, Fig. 5I ) or decreasing trend in male PCE group (P = 0.51). The IGF1 signaling pathway showed a significant increase, especially the expression of Igf1 and Igf1r in the male PCE group and the expression of Igf1r and Akt2 in the female PCE group (P < 0.05, P < 0.01,
Figure 4
Effects of prenatal caffeine exposure (PCE) on the body weights, body weight gain rate and liver histology in offspring rats. (A and B) Body weights and body weight gain rates from postnatal week 1 (PW1) to 12 in male offspring. (C and D) Body weights and body weight gain rates from postnatal week 1 (PW1) to 12 in female offspring. (E) H&E staining of liver in male and female offspring at PW6. (F) Immunostaining of Ki67 in male and female offspring at PW6. (G) Quantification of Ki67 expression in male and female offspring at PW6. n = 8 offspring from 8 pregnant rats. n = 5 sections of each group were selected for H&E, and five random fields of each section scored with respect to Ki67 expression. Scale bar = 100 μm, mean ± s.e.m., *P < 0.05, **P < 0.01 vs the control. A full colour version of this figure is available at https://doi.org/10.1530/JOE-19-0066.
Fig. 5J, K and L)
. These results suggested that PCE reduced the serum corticosterone level in offspring at PW6, inhibited the expression of liver glucocorticoid-related genes, increased the serum IGF1 level and activated the liver IGF1 signaling pathway.
In vivo analysis at PW12 with/without chronic stress
To confirm glucocorticoid-dependent programming of the IGF1 signaling pathway in the liver, we detected changes in serum corticosterone and IGF1 levels and the mRNA expression of liver GC-IGF1 axis-related genes without/with chronic stress. As shown in Fig. 6 , without chronic stress, compared with those in the controls, male PCE group had increased the serum IGF1 level and liver IGF1 signaling pathway (P < 0.05, P < 0.01, Fig. 6B , E, F and G). Female PCE group showed a reduced serum corticosterone level (77.3% of the control) and liver Gr expression accompanied by increased Akt2 expression (P < 0.05, Fig. 6A, C and G) . With chronic stress, the serum corticosterone level increased obviously in both PCE groups (P < 0.05, P < 0.01, Fig. 6H ). Moreover, the male PCE group had a decreased serum IGF1 level (53.1% of the control) (P < 0.01, Fig. 6I ), while a decreasing trend was observed in the female PCE offspring (79.4% of the control) (P > 0.05). Both PCE offspring exhibited significantly increased Gr and C/ebpα expression (P < 0.01, Fig. 6J and K) . Suppressed liver IGF1 signaling was also observed in female PCE offspring, while only the expression of Igf1r was decreased in the male PCE group (P < 0.01, Fig. 6L, M and N) . These results suggested that PCE increased the serum corticosterone level as well as liver Gr and C/ebpα expression in rats subjected to chronic stress, accompanied by decreased serum IGF1 levels and liver IGF1 signaling pathway suppression.
Effects of caffeine or corticosterone on the expression of GC-IGF1 axis-related genes in L02 cells
To further verify the in vivo mechanisms of glucocorticoiddependent programming of the IGF1 signaling pathway induced by PCE, fetal liver L02 cells were treated with different concentrations of caffeine or corticosterone for 24 h. As shown in Fig. 7 , compared with the control group, treatment with different concentrations of caffeine (1, 10 and 100 μM) or cortisol (250, 500 and 1000 nM) for 24 h
Figure 5
Effects of prenatal caffeine exposure (PCE) on serum corticosterone (CORT) content and mRNA expression levels of hepatic development-and glucocorticoid-insulin-like growth factor 1 (GC-IGF1) axis-related genes in offspring rats at postnatal week 6 (PW6). (A, B and C) mRNA expression of liver development-promoting genes, including proliferating cell nuclear antigen (Pcna), hepatocyte nuclear factor 4α (Hnf4α) and albumin (Alb). (D and E) mRNA expression of liver development-suppressing genes, including cysteine-containing aspartate-specific protease-3 (Casp-3) and alpha-fetoprotein (Afp). (F and G) ELISA analysis of serum CORT and IGF1 concentration. (H, I, J, K and L) mRNA expression of liver GC-IGF1 axis-related genes, including glucocorticoid receptor (Gr), CCAAT enhancer binding protein α (C/ebpα), Igf1, insulin-like growth factor 1 receptor (Igf1r) and protein kinase B beta (Akt2). n = 8 offspring from 8 pregnant rats. Mean ± s.e.m., * P < 0.05, ** P < 0.01 vs the control.
induced no cytotoxicity ( Fig. 7A and B ). After treatment with 1-100 μM caffeine for 24 h, the mRNA expression of IGF1R appeared to increase in a concentration-dependent manner (P < 0.05, Fig. 7C ). However, treatment with 250-1000 nM cortisol for 24 h decreased the IGF1R mRNA expression level in a concentration-dependent manner, and this effect was accompanied by increases in GR and C/EBPα mRNA and protein expression (P < 0.05, Fig. 7D , E, F and G). Furthermore, the nuclear GR and C/EBPA protein expression levels in the 1000 nM cortisol treatment group were higher than those in the control group (P < 0.05, Fig. 7H ). These results indicated that cortisol (not caffeine) inhibited the expression of IGF1R and increased GR and C/EBPA expression.
To determine whether GR and C/EBPα played any role in the cortisol-induced decrease in IGF1R expression, GR siRNA and C/EBPα siRNA were applied to L02 cells for 24 h. The mRNA expression of IGF1R was significantly reduced following treatment with 1000 nM cortisol (P < 0.05, P < 0.01, Fig. 7I and J) , and the mRNA expression of IGF1R was significantly increased following treatment with GR siRNA (P < 0.01, Fig. 7I ). After treatment with 1000 nM cortisol + GR siRNA for 24 h, the mRNA expression of IGF1R was upregulated compared with that in the cortisol control group and downregulated compared with that in the GR siRNA control group (P < 0.05, P < 0.01, Fig. 7I ). Similarly, after treatment with 1000 nM cortisol + C/EBPα siRNA for 24 h, the mRNA expression of IGF1R was increased compared with that in the cortisol control group (P < 0.01, Fig. 7J ). As shown in Fig. 7K , after treatment with 1000 nM cortisol for 24 h, IGF1R promoter activity was increased (P < 0.01). After treatment with 1000 nM cortisol and C/EBPα siRNA for 24 h, IGF1R promoter activity was decreased compared with that in the cortisol control group and exhibited an increasing tendency compared with that in the C/EBPα siRNA control group (P < 0.01). These results suggested that GR and C/EBPα were involved in the inhibited expression of IGF1R by cortisol.
Figure 6
Effects of prenatal caffeine exposure (PCE) on serum corticosterone (CORT) content and mRNA expression levels of glucocorticoid-insulin like growth factor 1 (GC-IGF1) axis-related genes in offspring rats at postnatal week 12 (PW12) without or with chronic stress. (A and B) ELISA analysis of serum CORT and IGF1 concentrations in offspring rats at PW12 without chronic stress. (C, D, E, F and G) mRNA expression of liver GC-IGF1 axis-related genes in offspring rats at PW12 without chronic stress, including glucocorticoid receptor (Gr), CCAAT enhancer binding protein α (C/ebpα), IGF1, insulin-like growth factor 1 receptor (Igf1r) and protein kinase B beta (Akt2). (H and I) ELISA analysis of serum CORT and IGF1 concentrations in offspring rats at PW12 with chronic stress. (J, K, L, M and N) mRNA expression of liver GC-IGF1 axis-related genes, including Gr, C/ebpα, Igf1, Igf1r and Akt2, in rat offspring at PW12 with chronic stress. n = 8 offspring from 8 pregnant rats. Mean ± s.e.m., *P < 0.05, **P < 0.01 vs the control.
PCE structurally and functionally inhibited the fetal liver and induced catch-up growth after birth in offspring rats with IUGR
Developmental toxicology has been defined as the occurrence of adverse effects on the developing organism that may result from xenobiotic exposure in either parent prior to conception during prenatal or postnatal development, which is mainly manifested by teratogenicity, dysfunction or abnormality, growth retardation or even death. During liver development, liver-enriched transcriptional factors play a crucial role (Nagaki & Moriwaki 2008) . HNF4α is a master transcriptional factor of hepatocyte differentiation and function because it regulates over 50% of the genes involved in hepatocyte-specific function (Nakhei et al. 1998) . Moreover, PCNA acts as a universal marker of cell proliferation, while Casp-3 is considered a marker of cell apoptosis (Choudhary et al. 2015) . In particular, ALB is a key feature of mature hepatocytes and could be used as an important marker of hepatic maturation, while AFP is commonly used as a marker of immature hepatocytes (Hyatt et al. 2008) . In the present study, we found altered hepatocellular ultra-structures in PCE fetuses. These alterations primarily manifested as reduced cellularity of hepatic parenchymal cells, chromatin margination and cell shrinkage. Analysis of development-related genes in the fetal liver showed decreased expression of developmentpromoting genes (such as Pcna, Hnf4α, Alb) and enhanced expression of development-suppressing genes (such as Casp-3, Afp). These results suggested that PCE induces liver development toxicity in fetal rats.
'Catch-up growth' has been used to describe the phenomenon of fetal growth retardation caused by pathological factors, and growth acceleration occurs after removal of the growth-inhibiting condition (Reichetzeder et al. 2016) . Studies have shown that IUGR induced by an unfavorable uterine environment during pregnancy induces abnormal intrauterine programming changes, has an irreversible impact on developmental trajectories, and increases susceptibility to disease after birth (Berends et al. 2013) . Our previous studies have shown that PCE offspring undergo catch-up growth after birth and have high susceptibility to metabolic syndrome (Pei et al. 2017) . In the present study, we confirmed increased body weight gain rates and Ki67 protein expression in the livers of both male and female PCE offspring. These results indicated that the IUGR offspring that experienced PCE exhibited rapid catch-up growth, accompanied by a compensatory enhancement of liver structure and functional development.
Maternal glucocorticoid overexposure most likely induced liver development abnormalities before and after birth via GC-IGF1 axis programming
During the fetal development period, IGF1 is an important factor in the differentiation and enrichment of induced stem cells including embryonic stem cells and mesenchymal stem cells. Moreover, IGF1 plays a crucial role in organogenesis and structural and functional differentiation (Magner et al. 2013) . In utero, IGF1 is produced primarily in the fetal liver (Delaunay et al. 1997) . After birth, liver IGF1 expression continues to rise, peaks at puberty, is maintained at a certain level, and then gradually decreases as aging occurs in a manner consistent with the development and maturity of the organism (Agrogiannis et al. 2014) . Our previous studies showed that PCE increases the susceptibility of high-fat diet-induced NAFLD in offspring, which is most likely mediated by an enhanced postnatal IGF1/IGF1R pathway . In the present study, the hepatic IGF1/IGF1R pathway in PCE rat offspring was inhibited in utero but enhanced after birth. In addition, these changes in liver development-related genes were consistent with the hepatic IGF1/IGF1R pathway. These results suggested that PCE might alter liver development abnormalities before and after birth, resulting in changes in the IGF1/IGF1R pathway.
Glucocorticoid levels can inhibit the IGF1 level in fetal tissues, which leads to the occurrence of IUGR (Fowden et al. 2005) . In our previous studies, we found that PCE increases the susceptibility to high-fat dietinduced NAFLD in offspring with IUGR, and this process appears to be mediated by intrauterine glucose and lipid metabolic programming and GC-IGF1 axis programming (Tan et al. 2012 . In the present study, the PCE offspring in utero showed high serum corticosterone levels but liver IGF1/IGF1R signaling pathway inhibition. However, after birth, the serum corticosterone levels decreased, but the liver IGF1/IGF1R signaling pathway was enhanced at PW6. Furthermore, the high serum corticosterone levels induced by chronic stress in the PCE offspring inhibited the expression of the liver IGF1/IGF1R signaling pathway. These results indicated that the changes in the liver IGF1/IGF1R signaling pathway induced by maternal glucocorticoid overexposure in PCE offspring inhibit fetal liver development and compensatory catch-up growth after birth and increase the susceptibility to metabolic syndrome-related diseases, such as NAFLD.
In this study, we also observed some interesting phenomena on gender differences. Casp-3 mRNA expression was increased in three male PCE groups in a dose-dependent manner, while reduced only in the female 30 mg/kg × day PCE group. The mRNA expression of Afp was increased in the male 120 mg/kg × day PCE group and three PCE groups of females. There were also differences in the expression of development-suppressing genes between male and female PCE groups in PW6 offspring. However, we also showed no significant gender differences in IGF1/IGF1R pathway changes in male and female before and after birth. As the core of the endocrine regulation system, IGF1/IGF1R signaling pathway is involved in the regulation of proliferation, differentiation, metabolism and matrix synthesis of pre-and post-natal cells (Randhawa & Cohen 2005) . The expression of development-suppressing genes, however, may be regulated not only by the IGF1/IGF1R signaling pathway, but also by other pathways. Studies have reported that high-dose acetaminophen can increase the expression of Casp-3 through JNK/p38 signaling pathway (Yiang et al. 2015) . Prednisolone (synthetic glucocorticoids) induces an increased Casp-3 expression associated with the NF-κB/iNOS/NO signaling pathway (Lisakovska et al. 2017) .
GR/C/EBPα/IGR1R signaling might mediate intrauterine programming of the liver GC-IGF1 axis
Glucocorticoids can regulate cell proliferation, differentiation and metabolism via interaction between GR and the transcriptional factor C/EBPα (Ratman et al. 2013) . C/EBPα is an important transcriptional factor that cooperates with GR to rapidly regulate downstream gene expression and plays a critical role in hepatocyte development (Chapman et al. 2013) . Researchers found that C/EBPα-mutant embryos at later developmental stages exhibited increased hepatic cell apoptosis, and newborn pups in which C/EBPα was knocked down died primarily from hypoglycemia caused by liver dysfunction, suggesting that C/EBPα plays an important role in liver development (Kimura et al. 1998) . Studies have also shown that C/EBPα inhibits IGF1R gene expression via miR-122 (Zeng et al. 2010) . These studies suggested that C/EBPα might participate in prenatal and postnatal liver development by negatively modulating IGF1R expression.
In the present study, fetal liver Gr and C/ebpα expression increased, but IGF1/IGF1R signaling pathway expression decreased when PCE fetuses were overexposed to maternal corticosterone. At PW6 after birth, the serum corticosterone level in the PCE offspring was inhibited, but the expression of the liver IGF1/IGF1R signaling pathway was increased. In PCE offspring at PW12 under chronic stress, the expression of Gr and C/ebpα was increased, while the expression of the liver IGF1/IGF1R signaling pathway was suppressed. Meanwhile, cortisol (not caffeine) inhibited hepatocyte IGF1R expression in a concentration-dependent manner in vitro. Fetal liver L02 cells treated with different concentrations of cortisol exhibited increased GR and C/EBPα expression that was concentration dependent, and high concentrations of cortisol also induced the nuclear translocation of GR and C/EBPα. Furthermore, the downregulation of IGF1R expression by cortisol was partially reversed after GR or C/EBPα knockdown. We also found that C/EBPα bound to the IGF1R promoter region upon cortisol stimulation in L02 cells as determined using a ChIP-PCR assay. Therefore, our results suggested that high glucocorticoid levels induce intrauterine programming of the liver GC-IGF1 axis via GR/C/EBPα/IGR1R signaling.
The advantages of PCE model and biological significances of thrifty phenotype induced by maternal glucocorticoid overexposure According to the World Health Organization (WHO), epidemiological evidence indicates that in pregnant women, a caffeine intake of 300 mg/day (5 mg/kg × day) was associated with an increased risk for IUGR (Guilbert 2003) . However, some studies have shown that some pregnant woman have a caffeine intake greater than 300 mg/day and the intake can even reach 500 mg/day (CARE Study Group 2008). In our previous studies, we used 20, 60 and 180 mg/kg × day , Xu et al. 2012b or 30, 60 and 120 mg/kg × day (Wu et al. 2015) of caffeine to induce IUGR, and we observed some changes in the lowest-dose group and found a clear dose-effect relationship. Using the dose conversion between humans and rats (human: rat ratio of 1:6.17 based on body surface area comparisons) (Reagan-Shaw et al. 2008) , PCE with 20 or 30 mg/kg day in rats is equivalent to 194 or 292 mg of caffeine per day for a 60 kg person, which corresponds to one to two cups of coffee consumption assuming that a standard cup of brewed coffee contains approximately 150-200 mg of caffeine.
Figure 8
Prenatal caffeine exposure (PCE)-induced liver developmental toxicity and the related glucocorticoid-insulin-like growth factor 1 (GC-IGF1) mechanism. C/EBPα, CCAAT enhancerbinding protein α; GR, glucocorticoid receptor; IGF1, insulin-like growth factor 1; IGF1R, IGF1 receptor; NAFLD, non-alcoholic fatty liver disease. A full colour version of this figure is available at https://doi.org/10.1530/JOE-19-0066.
Considering that the purpose is to explore the potential mechanism of liver developmental dysfunction before and after birth induced by PCE, we employed a caffeine dose of 120 mg/kg × day to induce IUGR for the stability of the IUGR rat model. In addition, in our previous study, an intake of 120 mg/kg × day caffeine resulted in caffeine concentrations of 254 ± 11 μM (49 ± 2 μg/mL) and 155 ± 28 μM (29 ± 5 μg/mL) in maternal and fetal blood, respectively , and these do not reach the clinical dose of intoxication (~80 μg/mL) (Thelander et al. 2010 ).
Hales and Barker proposed the 'thrifty phenotype' hypothesis, which emphasized the impact of early life environmental factors on the fetus (Hales & Barker 1992) . 'Thrifty phenotype' programming is an initiative of multiple organ changes in the fetus, optimizing the use of reduced energy supplies to ensure survival (Wells 2011) . In this study, we found that the fetal liver structure (decreased number of hepatocytes and Ki67 expression) and expression of fetal liver development-related genes (reduced development-promoting gene expression, increased development-suppressing gene expression) were altered induced by maternal corticosterone overexposure. These studies suggested that maternal corticosterone overexposure induced multiple gene expression changes in the fetal rat liver accompanied by a reduction in the total basal metabolic rate of the fetus and may contribute to 'thrifty phenotype' programming.
Conclusion
In summary, in the present study, we demonstrated that PCE structurally and functionally inhibited the fetal liver and induced catch-up growth after birth in rat offspring with IUGR, and the mechanisms underlying these phenomena were associated with the inhibition of GR/C/EBPα/IGF1R signaling by intrauterine maternal glucocorticoid overexposure (Fig. 8) . This study not only clarified the molecular mechanisms of PCE-induced liver development toxicity but also provided an experimental and theoretical basis for addressing the susceptibility to adult metabolic syndrome and related metabolic diseases in PCE-induced IUGR offspring.
Supplementary data
This is linked to the online version of the paper at https://doi.org/10.1530/ JOE-19-0066.
Declaration of interest
